An isothermal titration calorimetric (ITC) method was developed to measure the kinetic parameters of ribonuclease A catalytic hydrolysis of cytidine 2,3-cyclic monophosphate. Employing the inhibition of product as a probe, the K m , K i , k c , and ⌬H m can be determined by two simple calorimetric measurements. First, the substrate was titrated into the cell containing high concentration of enzyme. The molar reaction heat was calculated from the titration peak area divided by substrate moles per titration, and the initial catalytic reaction rate in the presence of various concentrations of product can be calculated from the peak height and the molar reaction heat. From Michaelis-Menten function in the presence of inhibitors, the relationship between K m and K i can be obtained. Then, the dissociation constant, which is equal to K i, was measured by a regular ITC experiment. Thus, K m and k c can be calculated. The method developed here can be applied in other enzyme catalytic systems with inhibitive products.
Isothermal titration calorimetry (ITC)
2 is a sensitive way to study the interactions between macromolecular and ligands as well as chemical reaction (1) (2) (3) (4) (5) (6) (7) (8) . Since almost all chemical reactions involve heat change, ITC can be used to almost all chemical reaction systems, especially those that have no observable change by other probes during the reactions, such as proteases and peptidases catalyst hydrolytic reactions, in which no obviously spectroscopic properties or pH changes occur.
In enzyme activity measurement systems, synthesized substrates have been widely used instead of natural substrates in order to obtain easily controlled reaction condition or high enzymatic activity, and in most cases, the synthesized substrates are easier to obtain than natural ones. But in these model enzymatic measurement systems, the product accumulation and inhibition are often a problem (9) . In most cases, the product inhibition is neglected by measuring the initial reaction rate before the product accumulation is obvious; in other cases they are considered in the Michaelis-Menten functions, while making the data analysis more complicated. In all cases, the product inhibition is regarded as a disadvantage for the measurement. However, since the product inhibition can change the reaction curve, it can be used as a probe to dig out other useful information. In this paper, we reported a simple but effective strategy to measure the kinetic parameters of enzyme catalytic reaction, employing the product inhibition as a probe. The model system here is RNase A-catalyzed cCMP hydrolytic reaction, which has been extensively studied (10 -17) .
MATERIALS AND METHODS

Reagents and Equipment
3Ј-CMP (98%) was purchased from Sigma Chemical Co. cCMP(Ͼ97%) was purchased from Fluka Co., and their quality was determined by HPLC eluted with 0.1% TFA in water and no observable impurities were detected. Tris (Ͼ99.5%), Mes (Ͼ99.5%), and Hepes (Ͼ99.5%) were purchased from Sigma Chemical Co. RNase A was obtained from Sigma Chemical Co. and purified by HPLC. All other reagents were of analytical grade. The ion-free water was of Milli-Q quality. Buffers used in different pH values were 100 mM Tris-HCl (pH 8.0), 100 mM Hepes-NaOH (pH 7.0), and 100 mM Mes-NaOH (pH 6.0).
Purified RNase A was dissolved into buffer containing 20 mM Tris, 100 mM KCl, pH 8.0, and its concentration was determined spectrophotometrically at 277.5 nm, using the molecular extinction coefficient of 9.8 ϫ 10 3 cm Ϫ1 M Ϫ1 (15) . A concentration of 2 mg/ml was used as stock solution throughout all the following reaction experiments.
The ITC experiment was carried out on a CSC 4200 ITC system (Calorimetry Science Corp.) with a 1.25-ml cell. All the experiments were performed at 25°C.
Reaction Heat Measurement and Product Inhibition
The ITC cell was filled with 800 l 10 g/ml RNase A and titrated with 50 mM cCMP. The titration size was 10 l and the time between two titration was 4000 or 6000 s during which the substrate could be hydrolyzed completely. The RNase A was prepared by diluting the stock solution with the buffers of the operating pH, and the substrate was dissolved into the same buffers as the enzyme. The dilution heat was not corrected.
Binding Experiment
RNase A was dissolved into buffers of operating pH value and its concentration was determined by UV spectroscopy. Appropriate concentration of 3Ј-CMP were prepared in the same buffers. The cell was filled with 800 l RNase A and titrated with 3Ј-CMP. A control experiment was performed under the same conditions except that the RNase A solution was replaced by pure buffers to obtain diluting heat. The data were analyzed by DataWork and BindWork software offered by the ITC manufacturer.
Steady-State Reaction Experiment
The cell was filled with 800 l 50mM cCMP dissolved in buffers of operating pH value, and RNase A in the same buffers was titrated into the cell. The time between two titrations was 2000 s. The steady-state reaction curves at different concentrations of enzyme were recorded, and they were parallel to the baseline. The substrate turnover number k c could be calculated from the steady-state reaction rates and the amount of enzyme titrated (7) . The diluting heat was not corrected.
RESULTS
Molar Reaction Enthalpy and Product Inhibition
The ITC reaction curves of the titration of RNase A with cCMP were shown in Fig. 1 . The molar reaction enthalpy, ⌬H m , can be calculated from the titration peak area divided by substrate moles per titration, and the initial reaction rate at various product concentrations can be obtained from the peak height. As reported previously (15) , the ⌬H m 's were negative at all the measuring pH and were dependent on pH value, implying that the ionization heat of the produced H ϩ contribute largely to the total reaction enthalpy. Figure 1 also showed the product inhibitive effect. In the first titration, the reaction could be regarded as running in the absence of the product, and in the following titrations, there were increasing concentration of product in the reaction system. The MichaelisMenten function in the presence of reversible competitive inhibitor can be expressed in Eqs. [1] and [2] , where
, K m , and K i are the initial reaction rate, the initial reaction rate in the absence of inhibitor, the substrate turnover number of enzymatic catalysis, the initial enzyme concentration, the initial substrate concentration, the inhibitor concentration, the Michaelis-Menten constant, and the inhibiting constant, respectively.
FIG. 1. The heat effect of RNase A-catalyzed hydrolysis of cCMP in 100mM Hepes-NaOH, pH 7.0, 50mM cCMP was titrated into 800 l 10 g/ml RNase A; the titration size was 10 l.
The 0 / versus the production concentration [I] is plotted in Fig. 2 , showing a nice linear correlation, which was a typical reversible competitive inhibiting curve. The slope of the line is equal to K m /K I ([S 0 ] ϩ K m ), so if we know the value of either K m or K i , we could get the other. It is convenient for ITC to measure K i , which is the dissociating constant of the enzyme and the product, 3Ј-CMP.
Binding of 3Ј-CMP to RNase A
The binding isothermal curve at pH 6.0 is shown in Fig. 3 . Simulation by using BindWork in independent binding site mode, the number of binding site, n; the binding enthalpy, ⌬H mbin ; and the association constant of the binding, K a , can be obtained altogether. So the K i , which is the dissociation constant of RNase A and 3Ј-CMP, can be calculated. The results are shown in Table 1 .
Kinetic Parameters of Enzyme-Catalyzed Hydrolysis of cCMP
From Figure 2 , we can obtain the relationship between K m and K i , which is shown in Eq. [3] , where b is the slope of line drawn as o / vs [I] . With K i measured in the binding experiment, K m was obtained, and k c was also calculated according to Eq. [1] . As shown in Eq. [3] , if K m ϾϾ [S 0 ], the sum of K m and [S 0 ] is approximately equal to K m , thus b is equal to 1/K i , while K m cannot be determined precisely. The k c can be measured directly by Lonhienne's method (7) . From k c and K i , K m can be calculated from Eq. [1] . The results are presented in Table 1 .
DISCUSSION
As shown in Table 1 , our k c values measured by two independent ITC methods were very close, and our k c 's
FIG. 2.
Inhibition of product to the RNase A The experimental conditions are the same as in Fig. 1.   FIG. 3 . The binding curve of RNase A and 3Ј-CMP in 100 mM Mes-NaOH, pH 6.0. 1.1 mM 3Ј-CMP was titrated into 800 l 0.09 mM RNase A; the titration size was 10 l; s, experimental data; E, simulated data employed the independent binding site mode with the simulating parameters n ϭ 0.9671, K ϭ 33625.4, ⌬H m ϭ Ϫ82,949J. 
and K i 's were also close to the results of Eftink and Biltonen (15), while our K m 's were lower than the literature results (15) . The literature results showed that K m 's were different in different buffers at the same pH value (15) . Two factors may be responsible for these differences. First, the K m 's are different in different buffer solutions. Second, when neglecting the inhibition of products, the measured k c 's may not be affected, while the apparent K m will be higher. As shown in Eq.
[1], the measured K m was equal to K m (1 ϩ [I]/K i ) when neglecting the product inhibition. In Eftink and Biltonen's measurement, the K i was considered in the equation, but their values were measured from other experiments, and in most case, the equation gave two sets of results, the k c 's in two data sets were identical, while K m 's could be different as large as six times (15) . In comparison with the literature, our K m 's and K's were measured directly and accounted of product inhibition, and they were also verified by two independent measurements. When ITC was used to study chemical reactions, the instrument response time must be considered. Despite using power compensation technique, modern ITC has still a response time of about 16 s (2). So the reaction curves monitored by ITC are not real time records. But as Williams and Toone's results showed (6, 8) , when the reaction time was longer than 10 times as the instrument response time, the discrepancies caused by thermal lag could be neglected. In our measurements, the reaction lasted for more than 1500 s, which was about 100 times more than the ITC response time. We also measured k c according to Lonhienne and Toone's method, as shown in Table 1 , the two sets of results were consistent. So it can be concluded that in the time scale of our experiments, the discrepancies caused by thermal lag of the instrument could be neglected.
Williams and Toone have used ITC to measure ⌬H m , K m , and k c of proteases, but their measurement of K m was tediously, which involved measuring a set of 0 at different substrate concentrations (6). Eftink and Biltonen have developed a method to study kinetics of enzyme catalysis based on a flow microcalorimeter (15) . By using a complex equation including product inhibition, they can calculate K m and k c , but their method requires the concentration of product lies within the range of K i , which is difficult to meet in many cases when the K i is far below 1 mM. In their method, K i 's were taken from other experiments, and in many cases their method gave two sets of results.
In comparison with the above methods, our method has obvious advantages: first, our method uses the inhibition of the product as a probe, so the inhibition of product is no longer a problem for data analysis. Since we only measure the initial reaction rate at a series of known concentration of the product, the reaction curve complication caused by product accumulation and inhibition does not affect the final results. Second, our method is simple. In our method, a set of initial reaction rates in the presence of various controlled product concentrations can be measured in one experiment. As long as [S 0 ] is above or within the range of K m , the ⌬H m , K m , K i , and k c can be easily measured altogether by two simple ITC experiments. By combining our method with Lonhienne and Toone's, it is a self-verified method to study the kinetics of enzymatic catalysis. Our method can be used to all enzyme catalytic systems with product inhibition properties.
